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I NIRODUCT ION

The mo lecules H20, NO2, O3~ CO2 and N20 are the dominant triator nic species

in the earth ’s atmosphere . Because of the ready availability of high energy

elec tromagnetic radiation in the upper atmosphere their behavior can be quite

diverse. Absorption processes leave the molecules in highl y excited and ioni-

zed states , and in these cases geometries often differ drasticall y from the

I ground state geometries . Furthermore , dissociation and predissociation to atom-

di a tom asymp totes i s common . In order to unders tand such a tmos pher i c process es ,

certain fundamental quantities are needed ; among these are the definitive loca-

ti on of the exci ted ener gy level s and the del i neation of react i on mechan i sms .

These same quantities clearly are necessary for describing the basic che~rica l

behav ior of these molecules . In s pi te of th i s need , most existing information

is inadequate for interpretive or predictive purposes , and unders tanding atmos-

pheric react i ons rema i ns largel y guesswor k . Our investigation is concerned with

providing these energy levels and reaction surfaces through the use of well esta- S

blished zi’ i n f ti ~ techniques . This new theoretical knowledge will be used to

advance experimental analysis by participating in a feedback process which histori-

call y has prove d to provi de a dee per unders tandi ng of the phenomena i nvolve d. We

hope that the foundation established by this research will lead to an expanded

effort in atmospheric computations at Argonne . Our concerns the past year have

largely been excited state characterization and method calibration. Both are

S 
prerequisites for any long-range investigation . This is particularly true of

the air triatomics because there is so little definitive information presently

available. We have also determi ned linear geometry to bent geometry correlation

d iagrams . These provide simp le ways of predicting reaction possibilities. For

examp le , we found tha t th e four lowest exc it ed s tates of CO~ are most st~ible in

linear geometries. The fifth excited state was found to be more stable in a bent 
S
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geometry . Moreover , in the bent geomet ry it becomes more stable than three of

the four l owest linear ion states , and hence , very likel y predissociates the

lower energy linear states of C0 . It is proba b le that the predi ssocia tion

just described for C0 carries over into the Rydberg series that ultimately

converge to the ion states in question. Both types of pred issociation could

be important in atmospheric processes. There are numerous similar examples of

important informa tion being prov id ed by this theoretical study .

We have used a variety of quantum chemistry computational techniques in

our study of the atmospheric triatomic molecules . Certainly, an integra l part

of our systematic study is the calibration of various levels and methods of corn- S

putation. The computa tional methods used here include: (1) expansion or Ro-

othan self—consis tent field (SCF)~ , (2) traditional configuration interaction S

(CI) using canonical molecular orb itals 2, (3) mult i—configuration self-consis- S

tent field /configuration interaction (MCSCF/CI) 3’4’5, an d (4) equations-of-

motion (EOM)6. The computer ccdes used in our study were (1) the BISONMC 7

program developed by Das and Wah l for computing SCF and MCSCF wavefunctions , (2)

the Battel l e-Ohio State CI package developed by Shavitt and co-workers , an d (3)

the EOM programs developed by McKoy and co—workers at Caltech. The following

subsections consist of a mo l ecule-by-molecule sumary of the results which are

the body of this report.

~2~’ H2O~ is the simplest proto type for ion-molecule reactions among the air

triatom ics. We have computed potential energy surfaces for the ground 2B1 and

the 2B2 states of H2O~. The results of our vibrational analysis of the 2B1 sur-

face are in good agreement with experiment. The 2B.-) surface is thought to be

predissocia ted twice, and has a complicat ed anharmonic vibrational structure.

The present level of our resul ts support either of two experimenta l claims re- S

gardin g the band origi ns.

. 
S
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Prev ious theoretical spectra were shown to be of limited accuracy . Experi-

menta l assignments base d on these are there fore not def i niti ve . Our bes t corre-

la ted s pectra are the most accura te ava i la b le for the lowest mul tip let of CO2.
L i near geome try to bent geometry cor relation di ag rams were also de termine d for

the C02, C0 and CO~ systems . Exc i ted states of CU2 were found to be stable i n

bent geometries relative to atom-diatom dissociation. Several of the excited

linea r states in CO~ are likel y to predissociate via a l ower-lying bent geometry

s ta te . Confl i c ts wi th existin g CO~ level assi gnments were found , and the spectrum

was reass igned . Finally, the charac ter of verticall y excite d s tates i n neu tral

CO2 was determ i ned.

03. The ongoing controversy over the reaction of ozone with photolyzed freons

underlines the important role these triatomics play in atmospheric chemistry .

Our correlated resul ts for the vertical excitation energies of 03 are in very

good agreement with experiment, and w i th other calculations . The O~ and O~ cal-
cula tions provide quali tatively correct electronic spectra for the ions . The

+ .ordering of states in 03 is controversial at present , and we support the ordering

x2A 1, A
2B2 and B2A2. Our O~ spectrum is the only existing data concerning the

exci ta tion energ ies of this ion .

The ground state potential energy surface of N2O i s character i zed and

related to the ground state potential energy surface of the neutral N2O molecule

by combining theoretical and experimental information. Among the quantities re-

ported are equilibrium geometries , d issoc ia ti on ener gi es , vertical and adiabatic

elec tron affinities , and the minimum intersection locus of the ground state N2O

and N20 surfaces . The resul ts imply that the react ion O + N2 N 2O + e will

be strongly enhanced by N2 v ibrationa l excitation.

NO2. A definitive tneoretical study of NO2
5was performed earlier in our labora-

tory . Agreement with known experimenta l results was very good . The energy levels

obta i ned i n our present effort provi de similar data for N0 and N0~, where little 
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rel iable information is available. Agreement with our previous NO2 study
5is

good . We suggest that known spectral complexities in N0~ are due to vibration- 
S

ally excited states . We also found that existing theoretical N0 spectra do not

cons ider all of the electronic states in their reported energy ranges , and hence ,

s pec tral ass ig nments base d on these are unrel iab le . Our N0~ energy levels are

the only ex i st i ng th ?~~~~S ? ~~ information.

Part of our computatio nal efforts were supported by the CDC6600 computers

at Wright-Patterson Air Force Fase . We discuss our experience performing large

scale mo l ecular calculations remotel y on the Wright-Patterson computers in Ref-

erence 8 of the publication list given in the next section. Ma ny elements of

the effort are general and can be expected to be encountered by other researchers .

A summary of the historically important role played by Wright-Patterson is also S

given.

Personnel Changes. At the end of the last fiscal year , Dr. Richard C. Raffenetti

replaced Dr. P. J. Fortune (who joined the staff of the Applied Mathematics Divi-

sion at Argonne) as project scientist on the Atmospheric Triatomic Mo l ecules

project. Dr. Raffenetti received his Ph.D . in physical chemistry from Iowa

State University in 1971 . He subsequently held post-doctoral appointments at

Battelle Memorial Institute and Johns Hopkins Univers i ty , and most recently was

a visiting scientist at the Institute for Computer Applications in Science and

Engineering, loca ted a t the NASA Lan g ley Research Cen ter .

Ac knowledgements. We wish to thank Drs. W . C. Erml er and D. L. Yeager of the

Un iversity of Chicago for their kind collaboration. We are also grateful to

Professor 1. 0. Tiernan and Dr. R. L. C. Wu of Wright State Universi ty for their

stimulating experimenta l collaboration.
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WATER AND ITS POSITIVE ION

A. Introduction

The equilibr~ um geometry of the X
1
A 1 state of H20 has been

determined by infrared spectroscopy ,
1 

and various empirical deter—

minations of the internal coordinate force constants have been

derived from perturbation analyses of the spectroscopic data .2 ’3 ’4

The deficiencies in the potent ial energy consta nts obtai ned from

z~ - 
~~~~ self—consistent—field (SCF ) calculations are apparent

from the resultant computed vibrational energies. 5’6

Experimental equilibrium geometries have been obtained for

the X
2B1, l

2A1, and 1
2
B2 states of H20

,7 10 but no S~c terrninations

of potential energy constants have been made y e t .  Potential energy

surfaces for the ground and several excited states of 11 2
0 h~~’se

been computed using z ~~~~~ SCF and semi—empirical confiqurition

interaction (CI) techn iaues.~~ The theoretical results11 and

photoelectron spec tra12 ’13 were subsequently combined to discuss

the predissociation and analyze the vibrational structure of the

1
2
B2 state , and it was concluded that the state was predisso-

c iated twice . 9 The position of the appearance potential of the

+ 2
OH ion being just above the 1 B2 adiabatic ionization potential

is also related to the predissociation of the upper vibrational

levels of that state. The coupling of the l2B2 and 1
2
A 1 components

of the 1
2
A ’ state adds to the complexity of the 2B2 surface .

B. Neutral_ H20

One of the authors (BJR) has previously computed z!  ‘:

SCF and CI potential energy surfaces in the nei5ihhorhoocj of the

1 14
energy minimum for the X A

1 
state of 11 20. The vnerov surface 

~ ~~~~~~~~~~~~~~ ~~~~~~~~~~ ~ ~~~~~~~~~ ~~~~ 5~~~5 ~~~~~~~~~~~ SS_S~ —______
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was represented by a quartic Taylor series expansion , in terms of

the internal coordinates (AR 1, AR 2, A O ) ,  of the form6

E = E + K4 (A R~ + AR~ ) + K
5

A 0 2 + 2K 6L\R1AR2

+ 2K 7 (A R
1 + AR

2
) A O  + K

8
(A R~ + AR~~) + K9A0 3

+ 3K 10 (A R
1 

+ AR2)AR 1AR2 + 3K 11(AR ~ + AR~~) t ~e

+ 6K12AR
1
AR 2AO + 3K13 (A R

1 + AR
2
)A0 2

+ K 14 (ARt + AR~ ) + K 15A & 4 
+ 4K 16 (A R~ + A R~ )A R 1AR2 S

÷ 6K 17A R~ AR~ ÷ 4K18 (A R~ + AR~~)A0

÷ 12K19 (AR
1 

+AR
2
)AR

1
AR2AS + 6K20 (AR ~ + AR~ )AO 2

+ 12K21AR1A R2A6
2 

+ 4K22 (AR
1 + AR2) AU

3 (1)

The resultant force constants along with various empirically-

derived sets are given in Table I. Recently, in collaboration with

workers at other laboratories , these potential energy constants have

been used in a variation—perturbation method6 to compute v ibrational

energy levels.
15 

The calculated and experimentally-observed’ energy

levels are compared in Table II. The importance of including cor-

relation effects in the wavefunction when computing potential energy

surfaces is evident from the significant improvement in the CT har-

monic force constants (K4-K7) and vibrational enerq ies compared to

the SCF values. The CI vibrational energies show an average error

of “~ 4% .  

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~ S~~~~5S~~~~~~~~~~
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C. Positive Ion H
2
O~

Ab i ni ti o  SCF and multi—configuration self—consistent field/

configuration interaction (MCSCF/CI) potential energy surfaces , in

the neighborhood of the energy minima , were computed for the X 2B1

and B B2 states of H2O - The energies were f i t  to a cubic Taylor

series expansion (Eq. (1) , truncated after K13) , and the resulting

equilibrium geometries and force constants are presented in Table

III. The computed equil ibrium geometries are seen to be consistent

with what one would expect from Walsh’s rules. The potent ial ener gy

constants were then input to a vibrational analysis program6 to com-

pute harmonic frequencies , Table IV , and second-order corrected vi-

brational energies, Table V.

From Table V, it is clear that the computed vibrational results

for the 2B1 state are in good agreement w ith ava ilable experimental
7,12 ,13 ,16 . . -data. However, it is seen that the lowest symmetric and

asymmetric stretching frequenc ies are stable to only about lO ?~ as

one proceeds from the harmonic to cubic fits, i.e., Table IV to Table

V ; the lowest bending frequency changes very little which is consis-

tent with the fact that the dominant cubic term is K~~.

The results for all the vibrational frequencies of the

state exhibit significant changes as the effects of cubic terms are

added . This is to be expected ~it the outset , as the anharrnonic nature

of the progression of pez~ks in the photoelec tron spectrum has been

observed .’3 It is interesting to note that the value quoted in Ref.

13 for the lowest bending excitation aqrees with that from the cubic

analys is, while the harmonic results a Iree with those of Ref. 12.

~~~~~~~~~~~~~ 5 5 5  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~— -



— 1 1—

D. Future Coals

Because of the marked changes in the vibrational energies on

including cubic anharmonic terms in the potential energy expansion ,

it is necessary to investigate the effects of adding quartic and

higher terms in the expansion. In an attempt to resolve the dis-

- 2
puted assignments of the B2 band origins of the photoelectron

spectra of H20, higher order perturbation theory, or a variational

approach 17 ’18 will also be considered .

In order to s tudy the predissoc iat ion of the 2B2 state , it

w ill be necessary to compute potent ial surfaces for the 14A” and

22A” states as well as additi onal regions of the 2B2 surface. A

complete unders tanding of the 282 state will also require an exam-

ination of its coupling through asymmetric distortion with the

12A 1 state.

I.
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CARBON DIOXIDE AND ITS IONS

A. Introduc tion

Simple Waish-Mulliken predictions’’2 anticipate much of the

interesting and varied behavior of the CO2. C0 , CO2 molecules in

a qua li ta t ive sense. A li near equi l ibrium geometry is predi cted

for ground state C02, while many of the low-lying excited states

of CO2 are predicted to be bent. Under these conditions , the elec-

tronic spectrum and possible at tachment , detachment , dissociation ,

etc., mechanisms may very widely with geometry. A similar predic-

+ +tion is made for CO2. In C02, however , there should also be many

low—lying and as yet unobserved states which arise from the large

number of unoccupied molecular orbitals. The negative ion CO2 is

predicted to have a bent equilibrium geometry. Again because of

the large number of unoccupied valence molec u lar orbitals , many

low—lying excited states are anticipated . A large number of these

are expected to be resonance states , inasmuch as CO2 will not bind

an electron in many cases.

Apart from qualitative considerations such as those just out-

l ined , ra ther l itt le i n f o r m ation exists  concerning th e electronic

states of the CO2/CO~ /CO2 systems . Definitive information consists

- , - 3,4 1 1 - - -of Dixon s assignment of the 1 B
2 

-‘- 1 A 1 transition in C02 ,

and the four  lowe st ver t ica l  ioniza tion pote ntia ls of CO2 .
5 Ryd-

berg series in CO2 have also been accurately measured ,
6 hut the

nature  of the Ry dberg or bitals  involved , and hence the symmetry

of the electron sta tes , is unknown . The lower-lying electronic

states of CO2 are complicated by the possibility of valence-Rydberq

-- - 5 -  - —~~~~ ~~~~~--~~ --- —5—- --~~ 5-— --5- ——-5---
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mixing , and almos t noth ing is known about these states. Even

the lowest valence type states have not been definitely anal y-

zed exper im e n t a l l y ,  and existing theoretical investigations 7’8

of these states have no t emp loyed su f f icie t accu racy f or the

results to be accepted without question .

With the  exception of a semiempir ica l  study,9 little theo-

re t ical  work has been done on the e lec t ron ic  s t a t e s  of (‘°2• Sub-
- - - 10 , 11 - - -sequent .~~~~~ ~n : t - z o work has shown the semiempirical results

to be even qual it a t i v e l y  incorrect as regards the stab i l ity of

ground state CO2 relative to ground state CO2. The semiempirical

model predicted that the ground state potential energy surfaces

of CO2 and CO2 do not in te rsec t, whereas ~~~~~~~~~~~ and

imen tal 12 findings showed that the surfaces do intersect. As a

consequence , the assignments based on the sem iemp irical model are

open to ques t ions .

B. Linear and Bent Geometry Correlation Diagrams

The changes in the CO2/CO~/CO2 electronic statcs upon mole-

cular bending were determined by two sets of computations. First ,

s e l f- c o n s i s t e n t - f i e l d  (SCF)  c a l cu la t ions  were ca r r i ed  out at the

e q u i l i b r i u m  bondlength  (R co= 2 . l 9 4 4  bohrs)  of qround state CC~~(X
1’~~

Second , the bondlength  R
CO was held f i x e d , and SCF c a l c u l a t i o n s  per-

formed at  a bond ang le  close to est ima tes H u l
~ of t h e  e q u i l i b r i u m

bond ang le  of ground s ta te  CO 2 (X 2 A 1) ,  ~) OCO = 1 3 00 . Results f o r

both  geometr ies  were obtained for each of the molecules (‘0, co~

N e u t r a l

F igu r e  1 shows the 1 i nea r  and bent  kleomc ’ t rv -;~ ‘ C t  i i  f~~r the

l o w e s t — l y i ng  va l o nco ’  s t a to ’s  of Mo st  of t h e  t~xc it i-d st at es
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shown w i l l  have minimal energies for bent geometries. Electronic

spectra which  involve  bent geometry CO 2 molecu les  w i l l  be clear ly

very  d i f f e re n t  f rom the v e r t i c a l  ( l i n e a r  geomet ry )  spectrum of (‘02 .

The bent molecule energy levels support Dixon ’s assignment of B2

SYmmetry.3’4 A total of five bent states (‘A1, 
~~~~ 

3A 2 ,  
1
A 2, 

1B )

are bound rel at ive to the  lowest SCF asymp tote , C0(~~~
+) + 0 ( 3P ) .

The diagram partially suppor t s  an ea r l ie r  mechanisni 13 
for the reaction

3 1 +  l - ~-o( P) + C0( ~ ) C0 2 ( :~~) ( 1)

in which the s u r f a c e s  1B 2 and 3B 2 are assumed to cross , and p a r t  i—

a l l y  suppor ts a mechanism14 
in which the two surfaces are not assumed

to cross. In terms o~ the fo rmer mecha ni sm , the predicted 1B2 surface

appears to overestimate the well depth .4 A binding energy of ‘-2 cV

is predic ted  for  3B2 r e l a t i ve  to O ( 3P) + C0( 1Y~~) . and this concurs

with both earlier kinetic studies)3 ’14

Positive Ion CO~

Figure 2 shows the linear-bent correlation diagram for CO~~.

Known and unknown exci ted electronic states overl ap over a

ener gy range. The 41T
u 

state is s u b s t a n t i a l l y  s t a b i l i z e d  upon ben-

ding , where it become s 4B1, and is capable of predissoctatinq lower-

lying states. Dissociation of CO has been shown 15 to t)rocccd by

predissociation of the 
2
~ g~ state

+ 19.1 eV ~ C0~~(
2Y
0~~
) O~~(

4S) + Co(
1
Y~~) (2)

Fluorescence from ~~~ is not observed , and pred issoc ia t ion occurs

from the ground vibrational state of 
2~ -~- - Our r e su l t s  i m p l y  t h a t

the 4
~ u 

surface  is capable of p redis soc ia t inq 2~.+ in th&’ FranOk

Condon region of the ground vibrational stato . It is furthermore

I 
— --  _____
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possible to correlate the 4
~ u 

CO~ and 0+, CO asymptote symmetries

with a C5 
reaction pa th .  The observed reaction’6

+ l9 47 eV -
~ CO~~(

2H + 0( 3p )  ( 3 )

is suggested by our results to proceed via a linear react ion pa th ,

S 
agai n involving predissocia t ion by the 4[T

u surface . The reaction

+ O~~(~~~~ ) -
~ CO + 

+ 0 ( 4 )

is reported to be fast. Our results favor the asymptotes CO+

(2~ +) O(3P), since these connec t adiabat i ca l ly to the reagent

states via the CO(
4fl u ) su r face . The set of reverse reactions

O~~(~~S) + CO (
1
~~~) -

~ CO~~( 2
~~~) + O ( 3P)  - 4 eV (5)

CO~~( 2
~~~) + O ( 3P ) -

~ CO(~~~~ ) + O~~( 4 S) + .4 eV (6)

have been observedJ7 19 Accordi ng to our resul ts , the reagents

of Reaction (5)wo uld approach on the 4A (~~~~~I )  surface , to which

they correlate in C5 symmetry. Produc ts would then be fo rmed by

popu la t ion  of the 4A ’ ( 4fi
~~
) surface . The exothermic React ion(6)

has been observed to be f a s t ,19 and could occu r by the reverse of

the process described for Reaction (5). However , there are neces-

sary surface crossings in the asymptotic surfaces , and for this

reason alone the reaction should be fast.

Negative Ion CO2

The li near—bent correlation diagram for CO; is presen ted on

Figure 3 . As was fou nd for  CO~~, known and unknown excited d cc-

- - 4 , 2
tronic states overlap over a wide energy range . The 

- 
and

2.. can a l l  be expected to predissociate the 2~ -+ and 2~ -4- 
states ,

and , in some cases , poss ibly  the 2
B1 Ronner split component of

-

~
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2

~ u 
We predict  that  CO2 (X 2

A1
) is metas tab le, in agreemen t wi th

other ab i n i t i o  resul ts , 10 ’11 and wi th expe r imen t ,12 but in d i rect

contradiction with semiempi rical f i n d i n gs. 9 Our assignmen ts of

the excited states also d i f f e r  f rom the semiempirical assignments.

We f i n d  the 2
~ g 

state to lie above 2~ + whereas the semiempirical

study finds just the opposite . As a consequence , our correlation

diagram suppor ts d i f f e r e n t  pr edissociation and reac tion mechan ism

poss ib i l i t i es f rom those tha t  could be deduced f rom the sem iempiri-

cal resul ts .  S

We predict a vertical electron affinity of “~-4 eV , which

agrees with experimental estimates.2° The adiabatic electron af-

finity is estimated to be “.-l eV on the basis of our results , in

reasonable agreement wi th  exper iment . 2~~~
24

The overall fea tures  of the correlation diagram sugges t that

intersection of the ground state CO
2/C02 potent i a l  energy su r faces

will be similar to the intersection of the isoelectronic N20/N20

potent ia l  surfaces which we describe in de tai l  in a la ter section

of this report. We therefore predict that the dissociative attach-

me nt

CO2 (X 1E
g~~

) + e -
~~ CO (X~~~~) + O ( 2P) (7 )

wi l l  yield v ib ra t iona l ly excited CO (X 1E~~). This agrees with experi-

mental suggestions.
25 The associat ive detachmen t

0 (2P) + CO ( 1~~~) CO2 (
1i~~) + e (8)

should also be overall similar to the corresponding o~~ N2 detd h

ment process. However , the elec tron a f f in iti es of CO2 appea r  to

be signif icantl y lar ger than those of N2O , and t h i s  m ay  accoun t

for  the f ac t tha t Reaction (8) is mode rate l y fast ,
27 3° whereas

L -- - - - - -5- --- —-- -5-----— S___~ 
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the corresponding 0 ,  N~ detachment  is slow .

C. Valence States, Mixed Character States, and Rydberg

States in Neu tral CO2

An interesting feature in the electronic spectra of CO2 and

other molecules is that the electronic states fall into three

qualitatively different classes. The first class consists of

valence states , whose spacial extents are similar to that of ground

state CO 2 (X~~~~ ) - The second class consists of mixed character ,

or large states, whose spacial extents are much beyond the valence

state region . Rydberg states make up the th i rd class , viz. Those

- - 6satisfying the Rydberg formula

AE. = 13 605/[n*(Efl2 (units are eV) (9)

where

AE. = E ( N e u t r a l  S ta te)  - E ( Parent Ion St a t e)  ( 10 )

and n*(E) is the effective quantum number . In the case of mixed

and Rydberg states, the character (spacial extent , v a l i d i t y  of

Equation (9)) is determined by a single outer occupied orbital.

We computed an accurate self-consistent-field (SCF ) vertical

spectrum for  CO2 in order to determine which of the s tates  were

valence , mixed character , or Rydberg states. All single electron

exci ta t ions  out of the fou r  hi ghest occupied molecu la r  orb it als

(MO ’ s) into the f i ve  unoccupied MO’ S 2~~~, 5°g ’ 4
~ u ’ 1~ q 

and 2 1
q

were included , giving a total of 60 electronic states. The energy

levels are shown on Figure  4 .  Orb i t a l  energ ies , o r b i t a l  second

moments , and the second moment analog of Equation (10)

- - - - 5 - - ~~ S- - - - - - S - - - - -- -- - S-——~~~ 5---— —
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-~Q j  = Q(Neutral State) — Q(Parent Ion State) (11)

were computed . Effective quantum numbers for the mixed and Ryd-

berg states were calculated f rom Equat ion ( 9 ) , and f rom the hydro-

genic  formula

—2 2 —2 Z 1.

n *(r  ) = [0 .5 b ~ + 0 . 5 ( b ~, + l . 6 r  ( 1 2 )

w i th

b~ = 0 .6 [ ~~(~~+l)  — 1/3] (13)

The angular quantum numbers , 2 , could be determined without ambi-

a 
guity from the character of the MO in question . The SCF computa-

t ions give representations of f ive MO’ s (271 , 5o , 4o , l~ and

which are unoccupied in ground state CO2 ( X 1Yq~~). The 5°q

is always a large , or mixed character MO , and hence each electro-

nic state in which the 5o is occupied is a mixed character state.g

This contradicts earlier , less accurate , ab ~c f i n d ings. 7’8

The 4~~~, 16 g and 2lT
g 

are always Rydberg MO’ s , and thus  e l e c t r o n i c

states in which  one of these MO’ s is occupied are always Rydberq

states.  The 2
~ u 

MO is fu ndament a l l y  d if f e r e nt , and can have either

valence or Rydberg character. It has Rydberg character in the V-

1+  1+  -states  
~u and 

~g ’ and otherwise  has valence c h a r a c t e r .

The SCF and exper imenta l  Rydberq series are compared in  Tab 1t~

1. Al l  expe r imen ta l  Ry dberq levels w i t h  ~~* ~ 3 have been i n c l u d e d ,

since th i s  is the range of n~ we have considered t h e o r e t i c al l y. The

agreement  between theory and expe r imen t  is very  good , and the s’~n-

metries of the electronic states corresponding to the observed

ser ies  are here d e f i n i t e ly ass igned for  the f i r s t  t i m e . However ,

none of the  SCF Rydberg levels  gi ve s  the  e xp e r i m e n t l i l \ -  oh so - r ~- ed

—- -~~~~~~~ 
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= 2.70. Preliminary analysis suggests that the 6°g 
MO is in-

volved , which we did not include in the present work.

To a good approximat ion , many Rydberg state characteristics

depend only on the Rydberg MO. Average values for the Rydberg MO’ s

are reported in Table 2. Each row of the table contains the ave-

rage value for a given Rydberg MO . For example , the second en try

in the f i r s t  row is the average of a l l  the 2 -  
- MO orbital energies

(1

we computed. Dev ia t ions  about the averages are at  wors t  a f ew per-

cent , and u sua l l y  smal ler .  Note tha t  the two d i f f e r e n t  t h e o ret i c al

ways of computing effective quantum numbers , n*(E) and n*(r~~), are

in close agreement .

D. Vertical Spectrum Including Electron Correlat inn for

Valence States of the Configuration l 2 ” ~~~i :~~C~ 2

The conf igur at ion lTT~~ 2ii~ can be angular momentum ccupled

to form the electronic states l ,3~
,± l ,3~ — 1,3. The V—state

l~ + is Rydberg in character , and will not be considered here.

By allowing valence and Rydberg character to mix , the remaining

states were found to be valence states. Definitive experimental

state assignments for these valence states have not been given ,

and previous theoretical treatments7’8 of them have bee n of onl y

modest accuracy. In the overall spirit of our theoretical project ,

n a m e l y ,  method c a l i b r a t i o n  and e v a l u a t i o n , we have  t h e r e f o r e  ç 1er -

formed several  t heo re t i ca l  c a l c u l a t i o n s  of the e l e c t r o n i c  s ta t e s

in question which employ successively more accurate apl roximations ,

all of which are more accurate than the existin g t heoretical data.

We first performed self—consistent—field (SCF) and  mu lt iconfiqura-

Lion self—consistent—field calcul ations , followed hv con!i~~t 1r 1ti on

-- ~~~~-~~~~~~~--- 
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interaction , (MCSCF/CI) with accurate (polarized) expansion sets.

These differed markedly from the existing theoretical spectra ,

implying tha t  the latter could on ly  be accura te if can cel la ti on

of expansion set and cor re la t ion  energy errors  occurred . We nex t

car r ied  out equations—of-motion (EOM) calculations with accurate

polarized expansion sets. The EOM calculations incorporate a

more complete treatment of the correlation energy , and provide

the most accurate theoretical spectrum currently available. ~e

find for the EOM vertical excitation energies

7 .41  eV

3
A

U 
: 8.13 eV

8 . 4 5  eV
l~~— : 8.51 eV

‘A : 8.51 eV

Interestingly enough , these values are fortuitously close to the

existing limited accuracy theoretical spectra.

E. Future Goals

Poten t i a l  energy s u r f a c e  p r i o r i t i e s  beg in  w i t h  the g round

- - - 3 1 — 3 9state su r face  of n e u t r a l  CO 2 .  More information exists for

S th i s  po ten t ia l  surface than for any others in the molecules (‘fl -, -

C 0 /  C 0 .  We w i l l  exploit this to simultaneously assess our own

surfaces and severa l  ways of comput ing  triatomic force constants.

Armed w i t h  a suitably calibrate d method , we will then probe the

ground state surface of neutral CO
2 to whatever extent is neces-

sary. Proper dissociation will be especiall y emphasized . Peynnd

this we will investiqate CO~ potential surfaces , wh ich are so

important in ionospheric ion—mol ecul e react ens. An invest i l - I t  ion

- - 5- —  -~~~~~~~~~~~~~ - - - 5 - -  --— - — —  --~~~~~~~~~~~ —
-
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of the in te rsec tion of the C0~/C0~ ground state potential sur-

faces is also envisioned .

Investigation of neut ra l  CO 2 excited states will also con-

ti nue . Locating the lowest and states relative to oneu g

anot her appears to be needed for  unde r s t and ing possible  reac t ion

mechanisms . Both are optically fo rb idden  s ta tes , and hence are

d ifficult to probe experimentally. Our current theoretical re-

suits imply that the states are nearly degenerate. The Rydberq

c har a c t e r  of the exci ted states as a f u n c t ion of geometry is like-

wise of in ter e s t .  If the Rydberg character changes with the geo-

metry, the state in question may not behave l ike  its parent ion

state , and hence its role in chemical reactions cannot be relia—

bly predic ted  based on ion states.

Very little is known about the ionization of inner electrons

in C02, and also of shake-up ionization. The ion state may

have predissociation capabilities similar to the 411u ion state

that we discussed in this report. The location of the state ,

and of other unknown CO~ states , will therefore be determ ined .

There may be low-lyi ng sta tes of CO2 which lie in the energy

r an g e  t h at  we reported here . Us ing  methods similar to those we

describe for 03 elsewhere in this document , a closer scan of pos-

sible excited states will be undertaken . Ultimatel y, a re-anal ysis

of the exper iments  as given in R e f e rence 9 is re~ uired with rel iabl e

‘ curves .

- _ _ _ _ _
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Table 2 .  Average Rydberg s ta te  expectation values .

c ,d c ,d c ,d
MO A E~

a a , b ~ 2 ~ 2 ~ 2 AQ~
e qe # f n * ( F )  n *( ~~

2 )

2 r  (d ) 1 .45 1 .45 146 .3  6 2 . 7  41.8 — 2 8 . 0  — 2 8 . 2  3 . 0 7  3 .09- q TI

16 (d ) L53 1.53 120 .0  17.2 51.4 4 6 . 0  4 6 . 1  2 . 9 8  2 . 9 8g 6

2 . 2 3  2 . 2 5  8 4 . 0  50.1 17.0 — 4 3 . 8  — 4 4 . 6  2 . 4 7  2 .51

2 TI (p  ) 2 . 4 6  2 . 4 9  6 6 . 3  13.2 2 6 . 6  17.8 18.0 2 . 3 5  2 . 3 8u ir

aun i t s  are eV.

= orbital energy of Rydberg MO.

cRydberg MO expectat ion value , ori g in at C and bonds along z-a x i s.

dU n it s  are a0
2 , a0 = Bohr r ad iu s .

eun i t s  are esu—cm 2 x 1026 .

~Ry dberg MO second moment .

_ _ _ _ _ _  _ _  _ _ _ _ _ _ _ _ _
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OZONE AND ITS IONS

A. In t roduct ion

Expe r imen ta l l y ,  there are two states connected by di pole-al lowed

- - 1 1, 2 -t rans i t ions  to the ground A1 state of ozone . The Chappuis

band is assigned to the 1B1 state , and the Har t l ey  band is assigned

to the 1B 2 state . In addit ion , the Hugg ins band has been a t t r i b u t e d

to the non-vert ical  part of the ‘B 2 ÷ 
1
A
1 

t r a n s i t i o n, whi le  the W u l f

band has been assigned to the dipole-forbidden ‘A2 ~
- 

1A1 t r a n s i t i o n.

Recent electron energy loss spectroscopy has been used to detect the

existence of at least one bound low-ly ing t r i p l e t  s ta te . 3 The elec-

tronic spectra beyond the Hartley band has been reported . 1 including 
S

the electron energy loss spectra for  an energy loss range of 1-30 eV.
4

A var ie ty  of ab in~~~ic method s (self—consistent f i e l d , qeneralized

valence—bond , and configuration interaction ) have been used to compute

the electronic spectra of ozone. 5 8  Three states were found to be

bound and a total of eight states had excitation energ ies lower than

6 eV. 8

+ -The spectra of 03 has been s tudied  by the h i g h  r e s o l u t i o n  photo-

electron spectroscopy of ozone .
911 Three hand s , between 12 and 14

eV , wi th  accompanying v ib ra t iona l  s t r u c t u r e  were i d e n t i f i e d  and i t t r i -

buted to ion iza t ion  from the 6a 1, la 2 and 4b 2 o r b i t al s .  Two s t u di e s 10
~~~~

assigned the order of the ion s ta tes  as X 2 A 1,  A 2 A 2 ,  82 B 2 ,  w h e r eas  t h e

th i rd  study 9 assigned the order ing  X 2 A 1, A 2 B 2 ,  B
2
A2. Koopmans ’ Theo-

rem incorrect ly predi cts the ground sta te of O~ to he 2
A 2, with t h e

discrepancy arising not from differential orbital relaxation ef~ cct s

but from differences in the correlation enerqies of the ionic st ,tes . 1
~

Multi—confi guration self—consistent fie1d/confh:ur~ t ion int eract i n n

______ -- - —5----- 5-—- -S - —- —- -—~~~~~~~~~~ -
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ca lcu la t ions13 support  the ass ignment  of the f i r s t  two excited s tates

as A 2A 2, B 2 B 2 , whereas  the more ex tens ive  genera l ized  valence—

bond/ con f igu ra t i on  in te rac t ion  ca lcu la t ions8 y ie lds  an ordering of

A 2 B 2, 52A 2 .Th e  photoelectron spectra a l l  show addi t ional  broad bands

at hi gher energies corresponding to ion iza t ion  from inner  o rb i ta l s

followed by shake—up processes , w ith all three studies differing

on the number and orbital-state assignments of such hands. The ab

-[n~~t~ o calculations also disagree with each other (as well as with

experiment) on the ass iqnment of the higher states of 0~~.

Matr ix isolat ion spectroscopy has bee n used to stud y the vibra-

t iona l  and electronic spectroscopy of the 03 ozonide ion. 14 ’15 In

addi t ion, the electronic absorption and resona nce Raman spectra of

03 
have been studied by means of y—-irradiated spectra of alkali—

metal halates.16 ’
17 Only one electronic transit ion is observed for

O~ and is assigned as 2
A2 X

2
B1.

14 
A variety of experimental tech-

- - 18 ,19 - - 20n iques  (charge transfer reactions , lattice energy calculations ,

- - - - - 21 - 22 , 23collisional ionization , drift—tube photodetachmc’nt ) as wel l  as

- . . - - - - - 24an -
~~~~~ : - t ~~- configuration interaction calculation have been used

to determine the electron a f f ini ty of ozone , and the consen sus of

results indicates a value of ‘
~~ 2.0-2.1 eV.

B. OZONE

A!~ in ? ti o self—consistent field (SCF) and multi-configuration

s e l f — c o n s i s t e n t  f i e l d/ c o n f i g u r a t i o n  i n t e r a c t i o n  (M ( ’S( ’F/ CI)  calcula-

t ions  were p e r f o r m e d  on the lowest s i n l T l e t  and t r i p let s t a t e s  of 03
at a single geometry correspondinq to the experimental equilibrium

geomet ry  of the  g r o u n d  l 1A 1 st ite (R0 0  = 1.27l7A = 2.403 a0, (1 = 
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116 .780 ) 25 . Based on ear l ier  SCF ca l cu la t ions, 26 the m a n i f o l d  of

sta tes of a given symmetry which result from va r ious occ upancies

of the 6a 1, 4b 2 ,  2b 1 and la 2 valence orb itals  are all qui te  close

in energy.  Thus a priori selection of the dominant Hartree-Fock

conf iguration for a given state is not possible , and it is necessary

to compute energies for several configurations of the same symmetry

in order to determine the lowest one.

The computed SCF and MCSCF/CI vertical excitation energies

for the valence states of 03 are given in Table I. An examination

of the SCF results reveals that the 3
B2 state is incorrec tly predicted

to be the ground state at th i s  level of computat ion; this  incorrect

state ordering was also found in other theoretical calculat ions .8

Moreover , there is a reordering of some of the other exc ited states.

The including of correlat ion energy resu l ts  in a correct ordering of

the ‘A1 and 3B2 states. The present M (’SCF/CI excitation energies

are within the reported experimental range of energies for the ob-

served transitions. It should be noted that the order and posi tion

of the e lectronic  s tates  of 03 can be expected to vary sicinificantlv

wi th  geometry, even to the extent of inverting the ground and excited

states. 8

C. POSITIVE ION O~

SCF and MCSCF/CI calculations were performed on the lowest dou-

blet and quar tet states of O~ at the experimental equilibrium ocome-

-

‘ try of the X1A 1 state of 03. The results of the vertical excitation

energies are given in Table I I .  On t h e o r e t i c a l  gr o u n d s  we expel -t

O~ to have an energy surface behavior comparable to NO2. Althou gh

Koopmans ’ Theorem predicts the ground state of O~ t o  he 2A the

--—-- -- -5---  - - -- --5-— - - - 5-  _ _ _ _ _ _ _
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experimental ground state of the isoelectronic NO 2 molecu le  is

Once again the SCF calculations do not yield the correct

ground , as also found  in other theoretical works.’2’13 Including

correlation energy results in the correct uround state and shows

the f i r s t  excited s ta te  to he B 2 .

The computed three  lowest ionization potentials of 0
3 are

-
~~ g iven in Table I I I , and are compared w i t h  e x p e r i m e n t a l  r e s u l t s .

The M( ’SCF/CI va lues  are a l l  in error  b y 1. 5-1 .8  eV. We p r e sen t ly

attribute the large errors in  our calculated ionization potenti als

to r e s t r i c t i ons  in t he  present level of our computational method .

D . NEGATIVE ION 03

SCF and MCSCF/CI c a l c u l a t i o n s  were per formed  on the  lowest  dou-

blet and quar te t  s t a t e s  of 03 at  the  e x p e r i m e n t a l  e o u i l i b r i u r n  qeo-

metry of the X1A1 state of O3~ 
Previous ex~ rimental ’4 and theorn-

- 24 - - - - - 2t ica l  s tudies  e s t i m a t e  the  e q u i l i b r i u m  geometry of the  X st i t e

of O~ to be near  t h a t  of the  g round  s t a te  of the neutral molecule.

The computed vert icil excitation energies are giv en in Table I\’ . ~n

con t ras t  to what  was found  f o r  t he  03 and O~ sy5;tems , ~
-
~CF calcuLi-

tions are sufficient for a correct prediction of the ground state

of O~~. The r e s u l t s  fo r  the q u a r t e t  v e r t i c a l  e x c i ta t i o n  e n e r l i c s

must  be viewed w i t h  c a u t i o n  since these s ta tes  ir e  um-~t a h l e  i n  t h e

S(’F a p p r o x i m a t i o n . The M(’S(’F/(’I c a l c u l a t i o n  is in e r ror  by 1 eV

w i t h  the one e x p e r i m e nt i l l y observed t r a n s i t i o n , 2 A 2 x 2 n 1.  The

present  r e s u l t s  would  seem to b e t t e r  suppor t  an a s s i g nm e n t  of
2 2 - - - -A 1 

- X B1, but deficiencies in  the  c o m p u ti t l o i s  p r ec l u d e  an y

r e a s s i g n m e n t s  at  the  p re sen t  t i m e . I t  s h o u l d  i~~so he u t e d  t h a t  th- 

5 ---- - -- - -5-- ---  —-5-
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elec tronic spectra of 0 were studied in an argon ma trix , not in

the gas phase; thus the va lue  of the measured t r a n s i t ion  energy

may be signif icantly affected by environmental interactions. The

computed SCF electron affinity exceeds the experimental values by

“-‘ 0.3 eV , while the use of correlated w a v e f u n c t i o n s, in t he i r  pre-

sent level , fails to bind the electron to ozone .

E. FUTURE GOALS

Future work wil l  deal with  the extension of present l e v e l s  and

types of computational procedures in order to more accurately cal-

culate energy quantities , especial ly energy d if f e r ences  between

systems having d i f f e r e n t  numbers of e lect rons  ( e . g . ,  i o n i z a t i o n

potentials, electron affinity) - A primary objective of this work

will be the assignment of the high energy band s in the photoelectron

spectra of 03~ as well as the prediction of some yet unobserved tran-

sitions in the O~ ozonide ion.

We also propose to compute portions of the potential energy sur-

face of the X1A 1 state of ozone , with  the p r inc ipal emphasis in the

well region to compute bound vibrational levels and spectroscopic

constants .  The v ibra t ional  deac t iva t ion  of 02
(
~~~~

) by O( 3P ) , 27 29

and the three body recombinat ion process ,

0( 3P) + 02~~~~g~ 
+ M 03 (X 1A 1) +

are additional topics of interest involving the ground state poten-

t ial  su r f ace .

- -  -- - --~~~~~~~~~~ 
_ _ _  _ _ _ _ _ _ _



- 
5 5 ~~~~~~ _~~~~~~~~~ _ 5 _ _ _ _ 5~~~~~~~~~ _~~~~~~~~~~~~~~~~~~~ 5

-42-.

REFERENCES

1. G. Herzberg, ~‘ - Z ’ - i ~ av .~~~: . .  •~~z’~ ani M - 7 - j u l a r  ~-?tr ~~~~urc
(Van Nostrand , Pr ince ton , 1967), Vol.  3 .

2.  M.  Gri gys , J .  Chem . P h y s .  49 , 857 ( 1 9 6 8 ) .

3. N .  Swanson and R.  J. Celot ta , P h y s .  Rev . L e t t .  35 , 7 8 3
(1975)  - 

- 5 -

4 .  R .  J. Celotta , S. R. Mielczarek, and C. E. Kuyatt , Che rn .
Phys .  Le t t .  24 , 428  ( 1 9 7 4 )  -

5. P. J. Hay and W . A. Goddard III , Chem. Phys. Lett. 14
46 (197 2 )  . ——

6. W. A. Goddard III , T. H. Dunning , Jr., W. J. Hunt, and
P. J. Hay, Accts. Chem . Res. 6, 368 (1973).

7. P. J. Hay , T. H. Dunning , Jr., arid W . A. Goddard III ,
Chem . Phys. Lett. 23 , 457 (1973)

8. P. J. Hay , T. H. Dunning , J r . ,  and W. A. Goddard III ,
J. Chem . Phys . 62, 3912 (1975) -

9. J. M . Dyke , L . Golob , N. Jonathan , A. ~tnrris,arid ‘1. Okuda ,
J. Chem . Soc. Faraday Trans. II , 70 , 1828 (1974) -

10. D. C. Fros t, S. T. Lee, and C. A. McDowell , Chem . Phys.
Lett. 24, 149 (1974)

11. C . R. Brundle , Chem . Phys. Lett. 26 , 25 (1974)

12. I .  H.  H i l l i e r  and J.  K endr i ck , J .  Chem . Soc . F a r a d a y  T r a n s .
II. 71 , 1906 (1975) -

13 . H . Basch , J .  Amer. Chem . Soc. 97 , 6047 (1975).

14. M. E. Jacox and D. E. Milligan , J. Mol. Spectry. 43 , 148
(1972)

15. L. And rew s, J. Chem . Phys. 63 , 44 (5 (1975) .

16. J. B. Bates and J. C. P i q g ,  J .  Chem . Phys. 62 , 4227 (1975).

17. G. E. Boyd and L. C. Brown , J. Phys . Chem . 74, 3490 (l~~7O) .

• 18. J. Berkowitz , W. A. Chupka, and D. Cutman , J . Chem . Phy s .
55 , 2733 (1971)

19. E. E. Ferguson , Can. J. Chc-m . 47 , 1815 (1969)

20. R. H. Wood and L~. A. D’Orazio , J. Phvs. Chem . 69 , 2~~~2
(1965) . 

--- -- --- --—-~~~~~~
—-- -5- -- - — -5-—- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 



-43-

REFERENCES

21. E. W . Rothe , S. Y .  Tang, and G. P .  Reck , J .  Chem . Ph y s .
62 , 3829 (1975 )

22.  R. Byerl y, J r . ,  and E. C. Bea ty ,  J . Geophys. Res.  76 , 4596
( 1971) -

23. S. F. Wong , T. V. Vorburger, and S. B.  Woo , P h y s .  Rev.  A5 ,
2598 (1972)  - 

--

24. M. M. Heaton , A. Pipano, and J. J. Kaufman , Int. 3. Quan-
tum Chem . S6 , 181 (1972).

25.  T. Tanaka and 1. Morino , J. Mol .  Spectry . 33 , 538 ( 1 9 7 0 )

26 .  S. D. Peyer imhoff  and R.  J. Buenker , J. Chem . Phys .  47 ,
1953 (1967)  . - 5-

27.  J. H.  Kiefer  and R.  W. Lutz , Symp . Combust. 11th , Berkeley ,
Ca l i fo rn ia, 1966 , 67 ( 1967)

28. H.  Webster and E. J. Blair , J. Chem . Phys .  56 , 6104 ( 1 9 7 2)

2 9 .  B . L. Breig , j . Chem . Phys .  51 , 4539 ( 1 9 6 9 ) .

30. H.  Johnston , NSRDS 20 ( U . S .) ( 1 9 6 8) .

31. R. E. Huie , 3. T. Herron, and D. D. David , 3. Phys. Chem .
76 , 2653 ( 1 9 7 2 )  -

— - - -
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~ ~~~S-



---
~~~ 

—~~~~ ~~~~~~~~~------- -- --—--- ----- ---5---

-44-



+Table II. Vertical excitation energies for 03~ R0 0  
= 2 .403 a0,

0 = 116•80 •
a

State SCF MCSCF/CI

X 2A1 
3.8 0.0

l2A 2 0.7 0.5

1
2B1 

5 .6 3. 2

12B 2 3.8 0 .1

14A1 1.7 1.9

14A 0 . 0  2 . 7

l4B1 
4.9 4.9

14 B 2 1.0 1.4

aAll energies in electron volts. 
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Table IV . Vertical excitation energies for 03. R 0 0  = 2 . 4 0 3  a0,

=

State SCF MCSCF/CI E x p t . b S

X 2B1
C 0 . 0 ( 2 . 4 )  0 . 0 ( — 0 . 5 )  0 0 ( 1~~4 7 _ 2 ~~1) d-3

12A1 2.6  2 .7

12A 2 4 . 2  3.7 2 .8

12B 2 2 . 9  2 .9

14A1 10.1 10.8

l4A2 9.0 8.3

14B1 9.3 8.3

l4B2 7.3 8.3

aAll energies in electron volts.

bM E. Jacox and D. E.  Mil li gan , 3. Mol. Spectry. 43 , 148 (1972).

cNu~~er in parentheses is the electron affinity.

d~ Berkowitz , W. A. Chupka, and D. Gutman , 3. Chem . Phys. 55 , 2733
(1971)
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(1975) .
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NITROUS OXIDE AND ITS NEGATIVE ION

A. Introduction

The N20, N2O molecules are isoelectronic with the systems

C02 ,  CO2, respectively, and the Walsh-Mulliken rules
1’2 predict

that linear and bent geometries play important roles in N2O, N20

chemistry . The ground state N2O/N20 prediction is that the mini-

mum geometry of N 2O is linear , and the mi n imum geometry of ground

state N
2
0 is bent. As was the case in the CO2, CO2 molecules ,

the potent ia l  energy su r faces  in tersect, wi th  the ground state

potential energy surface of N20 lying lowes t for geometr ies near

the l inear equi libr ium geometry of N 2O, and with the ground sta te

potential energy surface of N20 lying lowest near the bent equi-

libr ium geometry of N 2O .  The details of these surfaces and their

intersection bear directly on the possible ionospheric associative

detachment reaction

O ( 2P) + N2 (X 1E~~) 
-
~ N 2 O ( X

1
~~~) + e + 0.21 eV (1)

which has not been observed in laboratory experiments co nducted

at 300K . A low therma l rate constant has been assigned to Reaction

( 1)  by severa l exper imente r s, 3 6 and c o n f l i c t i n g  repor ts  ex i s t 6 ’ 7

concerning reactivity above 0.3 eV relative collision eneriy (ground

v i b r a t i o n al state N 2 ) -

The low therma l rate constant for the exothermic Reaction (1)

suggests that substantial barriers are involved in the intersection

of the N20 and N ,O potential energy surfaces , and that vibrationall y

cxc i ted  r o a q en t  N 2 may appreci abl y enhance  t he  react ion . S ince vi b-

r a t i o n a l l y  e x c i t e d  N 2 is  common in the ionosphere , the characteriza-

tion of the N 2O and N ,O pot -rt: ial surfaces , needed to predict the

5--- -5 - -  -~~~ ---~~~~~~~~~ - - 5 - -- — - --
~~-
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effects of vibrationally hot reagent N2 on the rate of Reaction

( 1) ,  warrants detai led invest igat ion .

B. The Ground State N20 and N20 Potential Energy Surfaces

Thermodynamic cycles can be constructed which express the

adiabatic electron a f f i n ity of N2O, E A ( N 2O ) ,  and the dissociation

energy of the N-NO bond in N20 , D(N-NO), in terms of known ther-

modynamic quant i t ies:

E A ( N 20) = EA(O) + D ( N 2 - O )  - D ( N
2
-O) ( 2 a )

D ( ’ -~—NO ) = E A ( N 2 0) + D ( ~ T — N O )  — F A ( N O )  (2b)

The values used are shown in Table 1, together with the resulting

E A (N 2 0) and D (N - N O ) va lues .

Ab ~ t~~ o self-consistent—field (SCF) and multiconfiguration

self-consistent—field , fol lowed by conf igura t ion  interaction (MCSCF/

CI), wavefunction calculations were performed to determine the pot-

ential energy surfaces for N2O and N 20 . Equilibrium geometries

and harmonic force constants  and v ib ra t iona l  f r equenc i e s  are shown

in Table 2. It follows from these results that the shapes of the

N20 and N2O potential energy surfaces should be reliably determ~ n t-i

near their respective minima .

in i t~ e bending and stretching potentials can be used t~~~ est i—
S 

mate the energy requ ired to change the geometry of N
20 from its

equilibrium value to that of equilibr ium N20. The compu ted values

are listed in Table 3. The predicted barrier , 2 .5 eV , is si~~nif i-

cantly higher than the exothermicity of Reac t ion (1), in supp ort of

a low thermal rat e constant.

5- -5- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -- —5-5--- --- - - ~~~~~~~~~~~~~~ 
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The intersection locus of the ground state N2O and N 2O poten-

tial energy surfaces can be determined by fitting the ab i~:/ ~~~o

d20 and N 20 potential energy points with a functiona l form . It

was found that a two—dimensional anharnionic Morse potential form

was s u f f i c i e n t, in which one bondlength is treated parame tr i ca l ly .

The anharmonic ity is essential fo r close reproduc tion of the a!

~
-
~~~~~~~

- N2O ver tical electron a f f i n ity .  The min imum energy of

intersection between the N
2
0 and N20 potential su r f ace s  is f o u n d

to be -~0.66 eV above the potential energy of equilibrium geometry

N 2 O. The geometry at the minimum energy of in te r sec t ion  is

0

R
NO 

= l.28A (3a)

= 1.18A (3b)

~ (NNO) = 155° 
- 

(3c)

The associative detachment threshold for Reaction (l)is oL—tained

f rom the minimum energy intersection by adding th .- ~~~ro point eneroy

of the minimum intersection energy complex and sub tr a -t inc 1) the

asymptotic N2 + O~ energy obta ined f rom the a n h a r m o~~ic ~orse f o r m ,

and 2) the zero point  energy of N 2 .  The p r ed i c t ed  t h i c oh o l d  f r

Reaction (1) is

E ( R x n  1) = 0.21 eV (-i )

This activation energy is less than the energy necess ~‘ t ’  excit e

rea gen t  
~ 2 to the  f i r s t  e x c i t e d  v i b r a t i o n a l st - i t o (0.29 eV) - F u r —

-
~ thermore , the RN~

. of Equation (3b) is qr~- i t t ’r P 0.04 A t h a n  t h e 

0

classical anharmonic turninq point t ot v ibr ~~t ional1y cold N 7 (1.146A )

and almost equal to t h e  ou t e r  t u r n  i~io p o i n t  for N., i n  its I i r st

exc i ted  v i  b r i t  o n - i l  sLate (1.1 85A) - T h u s , th e r i t e  ot React ion (1)

—--5 --— — - - --- -S-5-—~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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will probably not be enhanced by translational excitation of vib-

rat ional ly  cold N 2 ,  bu t may be strongly enhanced by vi brational

excitation of reagent N2 ,  wi th  or without  t ran sla t ional  exc ita tion.

The N 20 and N20 potential  energy surface  intersection also

provides information for the dissociative attachment threshold

N2O(X
1E~~) + e -

~ N2
(X 1E~~) + 0 (2P) - .21 eV (5)

The electron detachment threshold for Reaction (5) is obtained

from the minimum energy intersection by adding the zero poin t ener gy

of the minimum intersection energy complex , and subtracting 1) the

N2O equ il ibrium potential energy , and 2) the zero poin t energy of

N 2O. The resul t  is

Ea(Rxn (5)) = 0 . 4 0  eV ( 6 )

which is in good agreement with the experimental  estimate of 0 . 4 5  eV . 8 
S

Since the minimum intersection occurs with extended bondlengths rela-

tive to equ il ibr ium N2O, and at an ang le about 25°  away from lin-

eari ty , it is very l i ke l y that  the electron detachmen t desc ri bed by

Reaction ( 4 )  will be f a c i l i t a t e d  by excitation of the N 20 bendinq

and symmetric stretch modes.

The vertical electron affinity, or resonance energy, for N~ O(
’ ~

can be rel iably obtained from the previously  computed adiaba tic

electron affinity by adding the zero point energy of N20 ,  
and sub-

t r ac t ing  1) the zero point  energy of N 2O (
2f l ) ,  which is estimated

to be the same as the N2 zero point energy , 2) the barrier to ben-

ding , and 3) the barrier to contraction of the bondlengths. A

vertical electron affinity of —2.2 3 eV results , which is in qood

agreemen t with broad experimental electron scattering

- -  -~~~~~~~~~~~~~~~~~~~~~~~~~----5 - ---~~~~- -- 5 -~~~~~~~~~~S - - ---— 5 - - - —- - -- -~~~~~ -- -- - - -- -—  _ __ _ _
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C. Conclusions

The ground state potential energy -sur face  of N 2O is stable

in its equilibrium region to both associative detachment (Reaction

(1)) and dissociation. The features of the ground state N2O/N 2O

potential surfaces described in this report show why this is so.

Associative detachment is immeasurably slow for reagent therma l

N2 because there is a barrier of ‘~0.2 eV which the reagents must

overcome to reach the minimum intersection energy of the N2O/N2O

surfaces. Moreover , the minimum intersection occurs at RNN bond-

lengths greater than the equi l ib r ium N2 bondlength , which suggests

that  v ibra t ional ly  hot N2 wil l  be needed to e f f e c t i v e l y  enhance

reaction.

The dissociat ive at tachment process (React ion  ( 5 ) )  is l ikewise

described by the N20/N20 potential surfaces. The N20 molecule

must be v ib ra t iona l ly  excited in order to reach the minimum energy

of intersect ion of the N20/N2O surfaces. This requires at least

the absorption of several bending vibrational quanta. Here , how-

ever , the threshold energy ( 0 .4 eV) is s u f f i c i e n t  to populate  these

levels. Since the minimum intersection energy involves slight l y

longer RNN and R~~ than occur in N20, it is likely that the exci-

tation of stretching vibrational quanta will further enhance reac-

tion.

Our resul ts  also provid e a ver t ica l  elec tron a f f i n it y of ~~2 . 2 3

eV for N2O (~~~
’) . This value is thought to be reliable , since it

was obtained with a method which does not involve a nonvariational

determination directly. 
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D. Future  Goals

There is evidence from exper imenta l10 ’11 and theore t ica l12 ’13

studies that a major  source of N2 vibrational temperature in the

upper atmosphere is its E -
~ V ,R,T energy t r ans f e r  react ion wi th

O( 1D) . The vibrational temperature of N 2 is important beca use

it strongl y inf luences  important atmospheric cha rac ter i s t ics  such

as electron density and temperature , and the quant i ty of in f r a r e d

radia t ion from C02 ,  H2O, etc . The intersection of excited N2O

tr iplet surfaces wi th  the ground state sing let N2O sur face  will

be determined , since these are central to understanding the vib-

ra tional deact ivat ion of N 2 by O ( 1D) . Preliminary SCF computa-

tions in our laboratory indicate that correlated MCSCF/CI wave-

functions are needed for these surfaces.

The reaction to form NO~~(X~~~~) -I- N ( 4S) from O~~(
4S) + N 2 ( X ~~~~ )

determ ines the f ree  electron depletion ra te in the ionosphere . 14

The understanding of this reaction involves the intersection of

excited N 20
+ quartet surfaces with the ground state N 2O~ doubl et

surface. We shall investigate these in detail , since there may

be reaction barriers which affect the accessible paths.
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Table 2. AL ’ i~~itio potential energy surface characteristics for

N 20 and N 20

~~20 N2 O
Parameter SCF MCSCF/CI MCSCF/CI Expt .

RNN (A )  1. 2 0 4  1 . 2 2 2  1.147

1.376 1.375 1.240

4NNO(deg) 123.6 132.68 180 180a

kNN (md/A) 11.54 11.49 17.21 17 88b

kNO (md/A) 3.93 3.83 9.99

kNN O (md/A) 0.645 0.643 0.41 049 b

\)
NO

(cm ) 945 912 122 3

V NNO (cm ) 535 555 524 589 a

v (cm ) 1660 1666 2183 2224a

0.196 0.195 0.245 0 254a

a
G I-Ierzberg, “Electronic Spectra and Electronic Structure of
Polyatomic Molec u les ” (Van Nostrand Reinhold , New York , 1966) -

bE B. Wilson , J. C. Decius, and P. C. Goss, “Molecu lar Vibrations ”
(McGraw-Hill , New York , 1955) -

CAtomic masses are mN = 14.00751 , m0 = 1 6 . 0 0 0 0

dzero point energy.

1.

— - — -~~~~~~~~~~~~~~~~~~~~~ - -- ~~~~~~ - - -- - — - - --- -~~~~~~~~~~~~ - -- -~~~~~~~~~
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Table 3. Bending and stretching barriers for N2O

SCF MCSCF/CI

1.41 1.10

~Es(eV)
b —1.00 —1.40

2.41 2.50

a
Energy rise upon bending ~ 

(NNO) from the bent equilibrium value
to 180°. Bondlengths are equal to their equilibrium values.

bEnergy change upon stretching the MN and NO bondlengths from their
equilibrium N2

0 values to their equilibrium N2O values.

C
~, E j ~E~~~~~~E 

- S
— -S-S--- ------------ -- -—------- - 
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IONS OF NITROGEN DIOX IDE

A. In t roduct ion

High reso lu t ion  photoelectron spectra for NO 2 are known for

energies up to 27.5 eV.1’2 The N0 ion peaks have been assigned

on the basis  of ground state N0 ca lcu la t ions  and by ana logy  w i t h

the isoelectronic CO2 molecule.
2 4  No def initive experimental

ass ignment  of the first ionization potential has been made , owing

to the great  d i f f e r e n c e  between the n e u t r a l  (ben t) and ion (l inea r)

equ il ibrium geometries .

Semiempirical calculations on NO2 
5,6 are in essential agree-

ment with a number of experiments dealing with absorption spectra

in NaNO2 or phosphorescence in aqueous solutions. Polarizat ion

studies have assigned the e lectr ic  d ipole allowed 1 B1 state in the

region just under 3 eV.7’8 The 3B1 
state has been assigned to

u2.4 eV.9 1 1  The 1A2 state was calculated to be -~ 4.5 eV semiempi-

r i cal l y , 5 and on th i s  bas is spec tral assi gnments  made .10 ’12 ’13 The

1B2 
state  is di pole allowed , and li es about 6 eV above X1A1.

5’12

B. N e ut r a l  NO 2

The most accurate theoretical results available for NO2 were

previously calculated in this laboratory. 14 We use these to eval-

uate our present efforts for the singly charged ions. The vertical

NO 2 spectrum we compute agrees w i t h  the  accurate results to w ithin

~ 0 . 6  eV. To the e x t e n t  t h a t  NO
2 

is representative of NO~ and NO~

a comparable accuracy of the ionic spectra is expected . 

—--~~~~~~~~~~~~
SS -- - - -- 5- - - - - -  --~~~~~~~~~~~ —--- 5- 
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C. Positive Ion NO~

Vertical excitation energies for NO
2 

(R.~~ = 2 . 2 5  bohrs , -
~)

ONO = 134°) were computed with single- and multiconfiguration

self-consistent-field methods (SCF and MCSCF methods). Config-

uration interaction was then carried out using the MCSCF results

(MCSCF/CI). The computed and experimental spectra are compared

in Table 1. The SCF results predict the wrong first ionization

3 - 1 - -potential ( B~ instead of A1), but otherwise are in reasonable

agreement with the MCSCF/CI spectrum . The MCSCF/CI spectrum is

somewhat different from the experimental spectrum , and t h i s  may

in part be due to the difference between theoretically computed

vertical ionizations and those obtained by subtracting experi-

mental photoelectron spectral peaks. This is probable for mole-

cules like N02/N0 , where ground state neutral and ion equilibrium

geometries are very different. Because of these geometry diffe-

rences , vibrationally excited levels can be expected to be obser-

ved in the experiments, and these are not included in theoret ical

calculations such as ours.

A linear to bent geometry NO~ correlation diagram is drawn

on Figure 1. The energies represented by solid lines are SCF ener-

gies. The dashed lines represent MCSCF variational estimates of

states which collapse variationally in the SCF model. The dotted

line shown for (1B2
) should not be taken too seriously, since it

is a guess made on the basis of the Walsh-Mulliken ru1es ,’5~~~
6

and was not observed in our computed results. The linear N0 SCF

spectrum appears to be correctly ordered , and clearly shows the

greater stability of the linear ground state . However , the heha-

_ _  ------S-- - ------- - —-5- - 
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vior of the states introduced by bending is not like that obser-

ved in C02 ,  and this  is possibly signi f i cant because in the past

order ings, e t c . ,  have been r a t iona l i zed  by assuminq CO 2 is a rea-

sonable model for N0 .

D. Negat ive Ion NO 2

Computed SCF ver t ica l  exci tation energies (R~~ = 2 . 2 5  bohrs , 
S

~ ONO = 134°)  and exper imental exci tation energ ies for  N O
2 

are

shown in Table 2. Qualitative agreement is observed between the

SCF and experimental spectra , but quanti ta t ive  d i f f e r e n c e s  are

obvious. Reasons for  the qua nt i tat ive  d i f f e r ences may in part

be due to differences between the vertical geometry and the experi-

mental geometry. For example , the -
~~ ONO for the minimum X

1A 1

geometry may be “- 1l60 17 , 18 as opposed to the vertical value S

-~ ONO = 134° . Another possible reason is that the SCF method is

not to ta l ly  appropr ia te  for  the kinds of vertical electron attach-

ments that occur in forming NO2 from NO 2 .

An adiaba tic correlation diagram for  NO2 is drawn on Figure 2.

The C 2~, energy levels are those reported in Tabl e 2 .  The d i a g r a m

on Figure 2 is the f i r s t  for  NO 2 that  is based on a~ ~~~o enerqy

levels.

According to the cor re la t ion  diagram , electron attachment in

the range ~ 0-1 eV is associated w ith on ly two states , and

Structure which is observed below 1 eV should be associated with

the ground state , in agreemen t w it h experimen tal conclusions . 19 21

Dissociative attachment of electrons has produced each of the spe-

cies 0 , 02 and N O .
22
~~

24 The appearance pot ent i a l s  for  each are  

-~ --S S -- -—-5-- - - 5 -  — S -5--- -—---~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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about the same as their thermodynamic thresholds. The adiaba ti c

paths on Figure 2 likewise suggest no appare’~t barriers. The pro-

duction of O~ is observed to be largest ,
22 

and this agrees with

the fact that several adiabatic paths on Figure 2 provide routes

to the lowest energy asymptote, which produces O .  However , non-

adiabatic interactions must occur for the case of NO produc tion.

E. Future Goals

The SCF linear to bent geometry correlat ion diagrams fo r NO~

and CO2 which we have computed in the present work sugqest that

+the isoelectronic CO2 and NO2 molecules behave differently in a

qualitative sense . We shall determine whether this difference pre-

vai ls  in more accurate descriptions. Several of the states which

enter in NO~ Walsh rules wi l l  also be computed in order to f u r n i s h

a completely ab -initio correla t ion diagram . The extended and more

accurate descriptions of N0 will also be needed to further under-

stand the difference between theory and experiment , i f indeed thi s

difference persists.

Negative ion NO2 energy levels which include electron corre-

lation, as well as different bending angles , are l ikewise  needed to

clarify the differences between theory and experiment. In this

respect NO; is a good candidate system , since it is var iat iona l l y

stable relative to NO2 in many s tates, and since , experimen tally,

optically allowed transitions are low-lying in the NO2 spectrum.

- - —5------ 
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Table 1. Vertical excitation energies for NO~~, RNO = 2 . 2 4  bohrs ,

~ ONO = 134° . Un i t s  are eV.

Ion State SCF MCSCF/CI EXPt .
a

0.90 0.00 0.00

0 . 0 0  2 . 5 6  1.78

3A2 
1.34 2.65 2.37

1.78 3 .55  2. 83

1B 2 4 .13  3 .84  3 . 2 8

I 3A1 7 . 2 8  6 . 8 3  6 . 2 2

3
B
1 

8.27 7.70 6.41

F 1B1 9 . 2 8  8 .78  —

a
~ R. Brundle , D. Neumann, N. C. Price , D. Evans , A. N. Potts ,
and D. G. Streets, J. Chem . Phys.  53 , 705 ( 1 9 7 0 ) . 
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Table 2 .  Exci ta t ion  energies for  NO 2 ,  RNO = 2.25 bohrs, K) ONO =

134°. Units are eV.

Ion State SCFa Expt .b

0 . 0 0

0.98 ~ 2 4 c-e

‘B
1 

2.47

4.12

5 . 6 0
1A2 5 . 9 2

8.26 ,‘.,6d ,i ,j

3A1 9.62

aV rtic l

b - -Adiabatic

cH 3. Maria , A. Wahlborg, and S. P. McGlynn , 3. Chem. Phys. 4 9,
4925  ( 1968 ) -

M. Hochstrasser and A. P. Marchetti , J. Chem . Phys. 50, 1727
(1969).

C. Allen and R. N. Dixon , Trans. Faraday Soc . 65 , 1168 (1969).

W. Sidman , 3. Amer. Chem . Soc. 79, 2669 (1957).

W. Sidman , J. Amer. Chem . Soc . 79, 2675 (1957).

hx. L. McEwen , J. Chem . Phys. 34, 547 (1961).

‘W. G. Trawick and W. H. Eberhardt , 3. Chem . Phys. 22 , 14 62 (1 954 )

~L. E. Harris , H. J. Maria , and S. P. McGlynn , Czech. J. Phys. B20,
1007 (1970).
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Linear Her, t N1U~
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